Glomerular filtration dynamics in the dog during elevated plasma colloid osmotic pressure  by Thomas, Charles E. et al.
Kidney International, Vol. 15 (1979), pp. 502 -512
Glomerular filtration dynamics in the dog during elevated
plasma colloid osmotic pressure
CHARLES E. THOMAS, P. DARWIN BELL, and L. GABRIEL NAVAR
Nephrology Research and Training Center and Department of Physiology and Biophysics, University of Alabama in
Birmingham, Birmingham, Alabama
Glomerular filtration dynamics in the dog during elevated
plasma colloid osmotic pressnre. To determine if the glomerular
filtration coefficient (Kf) of the dog is influenced by changes in
plasma colloid osmotic pressure (COP), we conducted micro-
puncture experiments in dogs given concentrated albumin solu-
tions. In one group (N = 9), filtration dynamics were evaluated
following infusion of 450 to 600 ml of a 25% bovine albumin solu-
tion. To minimize the effects of acute volume expansion, we also
achieved high COP levels in another group (N = 7) by albumin
loading on the day prior to the experiment. In all experiments,
renal arterial pressure was reduced to approximately 90 mm Hg
to minimize potential errors that might lead to overestimation of
single nephron filtration rate (SNGFR) and glomerular pressure
(OP). In the acutely expanded dogs, COP increased to 23.0
(5EM) 0.9 mm Hg, SNGFR was 59 6 nI/mm, estimated GP was
61.0 2.0mm Hg, proximal tubule pressure (PTP) was 23.0
1.6mm Hg, and superficial filtration fraction (SFF) was 0.13
0.02. A similarly reduced whole kidney filtration fraction was al-
so observed, due almost entirely to a marked increase in renal
blood flow. When compared to noninfused control dogs (N =
13), Kf was significantly higher in the dogs with elevated COP,
being 5.3 0.6 nI/mm/mm Hg as compared to 3.4 0.3 nI/mm/mm
Hg. Average effective filtration pressure (EFP) was 12 1 mm
Hg, and EFP at the efferent end of the glomerular capillaries was
8.9 1.2mm Hg. In the group infused on the prior day, COP was
20.0 0.8mm Hg, SFF was 0.26 0.01, SNGFR was 70 8 nI/
mm, UP was 59 2 mm Hg, and PTP was 19.0 1.5 mm Hg.
Average EFP was 15 I mm Hg, and EFP at the efferent end of
the capillaries was 7.5 t 0.7mm Hg. Kf was 4.85 0.66 nI/mini
mm Hg, a value significantly higher than that obtained in control
dogs having a COP of 15.0 0.6 mm Hg. Furthermore, one
group of control dogs (N = 4), expanded with an isooncotic albu-
min solution, did not exhibit significant changes in Kf even
though the degree of plasma volume expansion was similar to the
group expanded with concentrated albumin solution. These ex-
periments are consistent with previous findings obtained in the
rat that K1 is influenced by the COP, although the changes in K1
appear to be less than they are in the rat. The data indicate that
even under these conditions of elevated COP, the filtration proc-
ess in the dog is characterized by positive filtration pressures
throughout the length of the glomerular capillaries.
Dynamique de Ia filtration glomérulaire chez le chien au coors
de l'augmentation de La pression colloido-osmotique du plasma.
Afin de determiner si le coefficient de filtration glomdrulaire (K1)
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du chien est influence par les modifications de La pression col-
loido-osmotique du plasma (COP) des experiences de micro-
ponctions ont etC rCalisCes chez des chiens auxquels Ctaient ad-
ministrCes des solutions d'albumine concentrCe. Dans un groupe
(N = 9), les caractCres de La filtration ont etC CvaluCs aprCs
l'administration de 450 a 600 ml d'une solution d'albumine bo-
vine a 25%. Pour minimiser les effets de l'expansion aiguC, des
niveaux ClevCs de COP ont etC aussi rCalisCs dans un autre
groupe (N = 7) par l'administration d'albumine La veille de
l'expCrience. Dans toutes tes experiences La pression artCrieLlc
rCnale a EtC rCduite a approximativement 90 mm Hg pour rC-
duire les erreurs potentielles qui pourraient conduire C sures-
timer le debit de filtration glomCrulaire individuel (SNUFR) et La
pression glomérulaire (GP). Chez le chien en expansion aiguC,
COP a augmentC a 23,0 t (5EM) 0,9 mm Hg, SNGFR Ctait de 59
6 nL/min, GP caLculée était de 61,0 2,0 mm Hg, La pression
tubulaire proximale (PTP) Ctait a 23,0 1,6 mm Hg, et La frac-
tion de filtration superficielle (SFF) C 0,13 0,02. Une diminu-
tion semblable de Ia fraction de filtration dans le rein entier a etC
observCe, presque entiCrement due a une augmentation impor-
tante du debit sanguin renal. Par comparaison avec des chiens
témoins (N 13), Kf est significativement augmenté chez les
chiens dont La COP est éLevEe, 5,3 0,6 nI/mm/mm Hg au Lieu de
3,4 0,3 nI/mm/mm Hg. La pression de filtration effective
moyenne (EFP) est de 12 1 mm Hg, et EFP a L'extrémitC ef-
fErente du capillaire glomdrulaire est de 8,9 1,2 mm Hg. Dans
le groupe traitC La veille des experiences, COP Ctait de 20,0 0,8
mm Hg, SFF de 0,26 0,01, SNGFR de 70 8 nI/mm, GP de 59
2mm Hg, et PTP de 19,0 1,5 mm Hg. EFP moyen Etait de 15
1 mm Hg et EFP C l'extrCmitC effCrente du capillaire gloméru-
Laire de 7,5 0,7 mm Hg. K1 était de 4,85 0,66 nI/mm/mm Hg,
one valeur significativement supérieure C celle obtenue chez des
chiens contrt5les dont La COP Ctait de 15,0 0,6 mm Hg. Dc
plus, dans on groupe de chiens témoins (N = 4) dont l'expansion
avait etC obtenue au moyen d'aLbumine iso-oncotique, il n'a pas
etC observe de modification significative de K1 bien que
l'expansion ait etC semblable C ceLle do groupe precedent. Ces
experiences confirment Les constatations antérieures, chez Ic rat,
de l'infiuence de COP sur K1, hien que les modifications de K1
soient moindres chez Le rat. Les rCsultats indiquent que mCme
dans des conditions de COP elevec Ic processus de filtration
chez le chien est caracterise par des pressions de filtration posi-
tives tout au long des capillaries glomerulaires.
In a recent micropuncture study from our labora-
tory, certain characteristics of glomerular dynamics
in the dog were evaluated [1]. In accord with pre-
vious suggestions based on both micropuncture and
whole kidney experiments [2—6], the results in-
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dicated that estimated effective filtration pressure at
the efferent end of the glomerular capillary was
greater than zero. Thus, it appeared that in the dog,
the filtration process continues throughout the
length of the glomerular capillaries. Unlike the Mu-
nich-Wistar rat [7, 8], the dog does not have acces-
sible superficial renal corpuscles that allow direct
measurements of glomerular pressure (GP); there-
fore, only an estimate of glomerular pressure can be
obtained based on measurements of proximal tu-
bule stop-flow pressure and plasma colloid osmotic
pressure (COP). As discussed in detail previously
[1, 9], this indirect method of measuring GP may
lead to an overestimation if the renal arterial pres-
sure is above the lower limit of the autoregulatory
range. We have suggested previously that this po-
tential problem may be circumvented by making all
measurements at reduced levels of arterial pressure
[1, 4, 10, 11]. Under these circumstances, it would
also be expected that proximal tubular fluid collec-
tions would provide representative estimates of
single nephron GFR (SNGFR) [10, 11].
One problem of concern in our previous study
was that during the course of the experiment, the
plasma COP declined such that it was below the
normal range during the experimental periods. Al-
though this has been observed by others [2, 12], the
specific reason for this decline remains unex-
plained. Based on studies conducted in the rat [13,
14], however, the possibility was raised that the re-
duced plasma COP might be associated with sub-
normal K values. Specifically, it seemed of interest
to determine the magnitude of the possible increas-
es in Kf that might occur in the dog under conditions
of elevated plasma COP. This should allow an as-
sessment of the possibility that the elevated Kf val-
ues might be sufficient to alter the pattern of gb-
merular dynamics such that efferent arteriolar COP
and transglomerular hydrostatic pressure gradient
would approach equality. Accordingly, experi-
ments were conducted in dogs having elevated
plasma COP achieved by the infusion of hyper-
oncotic albumin solutions. Data obtained in these
animals were compared to control values from non-
infused dogs studied under similar circumstances.
Additional experiments involving infusion of isoon-
cotic albumin solutions were conducted to evaluate
the possible contribution of associated changes in
volume expansion.
Methods
Experiments were performed on 29 mongrel dogs.
Dogs were of both sexes, and each dog weighed
from 15 to 20 kg. The dogs were anesthetized with
sodium pentobarbital and then prepared for micro-
puncture and clearance studies as described pre-
viously [1, 9—11, 15]. The left jugular vein was cath-
eterized to infuse an inulin solution (5%) at a rate
sufficient to establish a plasma inulin concentration
of approximately 0.8 mg/mi. The left foreleg vein
was catheterized for the administration of solutions
and to give additional anesthetic as required. Sys-
temic blood pressure, measured with a Statham
pressure transducer (Statham Lab. Inc., Hato Rey,
Puerto Rico) and recorded on a Grass polygraph
(Grass Instr. Co., Quincy, Massachusetts) was
monitored via a catheter placed in the femoral ar-
tery. The femoral catheter was also used for collec-
tion of arterial blood samples.
The left kidney was exposed, and the renal ar-
tery, vein, and ureter were freed of surrounding tis-
sue. The ureter was catheterized, and an electro-
magnetic blood flow transducer was placed around
the renal artery (Carolina Medical Electronics, Inc.,
King, North Carolina); the flow transducer was not
used in three dogs due to the occurrence of double
renal arteries. In 21 dogs having a main renal artery
of sufficient length, a 22-gauged curved needle was
inserted into the artery and kept patent by continu-
ous infusion of heparinized saline at 0.2 mllmin.
Renal arterial pressure was measured with a Stat-
ham pressure transducer attached to the catheter.
An adjustable plastic clamp was placed around the
renal artery between the flow probe and the needle.
In the remaining eight dogs, a clamp was placed
around the aorta, proximal to the left renal artery;
femoral arterial pressure was used as a measure of
renal arterial pressure. The kidney was then placed
on a lucite holder, prepared for micropuncture, and
continuously bathed with a warmed, heparinized
saline solution.
In group A, 13 dogs were studied at naturally oc-
curring plasma COP levels. Group B consisted of
nine dogs that were studied following infusion of a
volume of 25% albumin solution equivalent to 3% of
body weight. Four of the dogs were studied both
prior to and after albumin infusion and are included
in both groups. In the remaining five dogs of group
B, micropuncture procedures were not carried out
prior to albumin infusion due primarily to time con-
straints. A substantial time delay (1 to 2 hours) was
involved in the albumin-loading procedure since the
concentrated albumin solution had to be infused
slowly (2 to 5 mL/min) to avoid undesirable systemic
effects. In addition, the plasma COP values were
increased to very high values for a period of time
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following the infusion and slowly decreased to more
stable values over a period of 30 mm to 1 hour. To
allow a reasonably long equilibration time and yet
not prolong the experimental procedures excessive-
ly, we infused the albumin solution during the sur-
gery and preparative stages in these remaining five
dogs, and thus control measurements were not
taken. Four other dogs were infused with a volume
of an isooncotic albumin solution equivalent to 3%
of body weight. Micropuncture measurements were
taken during control and expanded periods to con-
trast the effects of the hyperoncotic volume expan-
sion procedure with a similar expansion not associ-
ated with a large increase in plasma COP. Group C
consisted of seven dogs which were administered a
volume of the albumin solution equivalent to 1.5%
body weight on the day prior to the experiment.
This procedure was carried out to allow the dogs to
eliminate much of the infused volume by diuresis
during the night. Thus, experiments could be con-
ducted at elevated COP but without the large
plasma volume expansion that occurred in group B.
The bovine albumin (Sigma Chemical Co., St.
Louis, Missouri) used to elevate plasma colloid os-
motic pressure was dissolved in a glucose-free Ty-
rode's solution and dialyzed at 40 C against an albu-
min-free Tyrode's solution for 24 to 48 hours with
dialysis tubing (4.8-nm pore size, Fisher Scientific
Co., Norcross, Georgia).
All measurements used to assess glomerular dy-
namics were taken at reduced renal arterial pres-
sures (RAP) to avoid possible errors in the estima-
tion of SNGFR and glomerular pressure that might
occur as a consequence of alterations in the level of
activity of the distal tubule feedback mechanism
brought about by interruption of distal tubular vol-
ume delivery [1, 9, 10, Il]. The rationale for this
procedure has been discussed in detail previously
[1]. To assess autoregulatory capability, we ob-
tained pressure-flow relationships at the onset of
each experiment. The renal arterial pressure was
then adjusted to a value close to the lower limit of
autoregulation. This was achieved by lowering ren-
al arterial pressure until either whole kidney renal
blood flow or the pressures in the superficial cortic-
al structures began to decrease. As previously
shown [1, 15], for normal dog kidneys this level is in
the range of 85 to 95 mm Hg. After acute hyper-
oncotic expansion, autoregulatory efficiency was
diminished as has been reported before [16, 17]; and
lesser decreases in arterial pressures were neces-
sary to reach the lower limit of autoregulation. Nev-
ertheless, to avoid differences that might be attrib-
utable to different perfusion pressures, we reduced
RAP to below 100 mm Hg in all cases.
For each experiment, a minimum of 40 mm was
allowed after the initiation of the inulin infusion.
Then, the clearance measurements and the micro-
puncture procedures were conducted simultaneous-
ly during each period. At least two urine volumes
and midpoint blood samples were taken during any
given experimental period. Measurements of proxi-
mal tubule pressure (PTP), peritubular capillary
pressure (PCP), and stop-flow pressure (SFP) were
determined with a micropressure servonull system
(Instrumentation for Physiology and Medicine, San
Diego, California) as has been described previously
[1, 2, 9]. The stop-flow pressure was measured until
the achievement of a stable plateau, usually 2 to 3
mm. Glomerular pressure was estimated from the
sum of stop-flow pressure and arterial colloid os-
motic pressure.' Timed proximal tubule fluid sam-
ples for determination of SNGFR, and efferent arte-
riolar blood samples for calculation of single neph-
ron filtration fraction (SFF) were collected as
described previously [1, 10, 11]. The micropipettes
used for blood collections were treated with a sili-
cone solution (Siliclad) and heparin and allowed to
dry overnight. The uncertainties and reservations
associated with the validity of superficial nephron
filtration fraction calculations based on efferent ar-
The utilization of the stop-flow pressure technique to esti-
mate glomerular pressure in the dog requires the assumption that
the complete interruption of distal volume delivery does not alter
glomerular pressure, at least under the conditions existing when
the measurement is taken. We previously have presented evi-
dence indicating that, at normal arterial pressures, the inter-
ruption of distal volume delivery may lead to increases in gb-
merular pressure mediated by the distal tubule feedback mecha-
nism and that this effect may be minimized by taking the
measurements at the lower end of the autoregulatory range [1, 4,
9]. To date, there is no direct evidence from dog experiments to
support this conclusion. Nevertheless, the report by Aukiand,
Tonder, and Naess [28], who used a techniqug where a small
section of the superficial cortex is excised and the glomeruli are
exposed, prompted us to examine this approach in the dog. Ad-
mittedly, the technique is traumatic but glomeruli can be visual-
ized directly, and direct measurements of gbomerular capillary
pressure are possible. We have used this approach in preliminary
studies in four dogs and have 17 direct measurements of gb-
merular capillary pressure. The average of the 17 measurements
is 58.1 (sEM) 1.8mm Hg; if only the average values from each
of the four dogs are used, the average is 58.6 2.7 mm Hg.
These measurements were taken at control arterial pressures
(130 to 140 mm Hg) and are essentially the same as those esti-
mated on the basis of SFP measurements in the current study
(see Table 2). Tn contrast, SFP measured at control arterial pres-
sures in our laboratory is substantially greater, so that estimated
gbomerular pressures are in the range of 70mm Hg [9, 29]. These
data, in addition to providing direct measurements of gbomerular
pressure in the dog, support the rationale utilized in the present
paper.
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teriolar blood collections have been discussed in de-
tail previously [1]. In all cases, the largest "welling
points" were selected for collection sites. In some
cases, no distinct "welling point" was apparent,
and efferent blood samples were not collected.
Thus, direct estimates of superficial nephron filtra-
tion fraction are available in only 6 of 13 dogs in
group A and 6 of 9 dogs in group B. Superficial
nephron filtration fractions were estimated in all of
the dogs in group C. Because, in both the previous
[1] and present study, there was very close agree-
ment between whole kidney filtration fractions and
superficial nephron filtration fractions, the whole
kidney filtration fraction was used in the calcu-
lations when superficial nephron filtration fraction
was not available.
After all measurements were completed, the elec-
tromagnetic flow probe was calibrated in situ by
catheterizing the renal artery and collecting timed
blood samples into a graduated cylinder. The kid-
ney was removed, stripped of all surrounding tis-
sue, blotted dry, and weighed.
Tubular fluid volumes were measured in a cali-
brated constant bore capillary with a slide com-
parator (Gaertner Scientific Corp., Chicago, Illi-
nois). Inulin concentration in tubular fluid samples
was determined with the microfluorometric meth-
od, and SNGFR was calculated from the product of
tubular flow rate and the tubule fluid to plasma in-
ulin concentration ratio [1, 10]. Micropipettes con-
taining efferent arteriolar blood samples were
sealed with hematocrit clay, placed into cuvettes,
and centrifuged for 10 mm. Hematocrit (Hcte) was
determined with the slide comparator. Arterial hem-
atocrit (HCta) was determined from a femoral arte-
rial blood sample taken simultaneously to allow the
calculation of superficial filtration fraction (SFF)
with the formula previously described [11.
SFF — — Hcta/Hcte—
l—Hcta
The anthrone technique was used to determine
inulin concentration in plasma samples and in urine
samples, and GFR was calculated by the standard
clearance formula. Whole kidney filtration fraction
was determined from the calculated values for GFR
and from the measured values for renal blood flow
and arterial hematocrit. Plasma colloid osmotic
pressure (COP) was measured directly, with a mem-
brane osmometer [18]. In 16 dogs, the total protein
and globulin concentrations were also determined
[18]. In six dogs from group B, plasma calcium con-
centration was determined with automated proce-
dures (Technicon Autoanalyzer). The ultrafilterable
calcium concentration also was determined by cen-
trifugation of the plasma samples in Amicon ultra-
filtration cones (Amicon Corp., Lexington, Massa-
chusetts) to remove protein-bound calcium. Total
protein concentration in urine specimens was esti-
mated with the Biuret method.
In our previous study [I], the efferent arteriolar
protein concentration was estimated on the basis of
the filtration fraction and the systemic plasma pro-
tein concentration. The efferent arteriolar COP was
then estimated from the empirically derived rela-
tionship between protein concentration and COP [1,
18]. Since albumin solutions were used to elevate
plasma colloid osmotic pressure in the present
study, the empirical constants relating plasma pro-
tein concentration and COP would presumably
have to be adjusted for each experiment. Fortui-
tously, for any given plasma COP, the efferent COP
is dependent only on the filtration fraction and not
on the specific relationship between protein concen-
tration and COP for the existing albumin to globulin
ratio [18]. Consequently, it seemed theoretically
possible to quantitate filtration dynamics and ef-
ferent arteriolar COP without having to incorporate
the protein concentrations into the equations. To
estimate efferent arteriolar COP, we constructed a
nomogram, presented in Fig. 1, relating this vari-
able to filtration fraction for various levels of
plasma COP. The nomogram was formulated from
the best fit cubic equations describing relationships
between COP and protein concentration and was
not affected significantly by varying albumin to
globulin ratios. One mathematical expression that
defines this relationship is
R
1T = R
. (1—FF) a FF
The coefficient R is the ratio AJB, where A and B
are empirically determined constants used in one
form of an equation relating COP to protein concen-
tration, as described previously [18]. R is affected
only slightly by the albumin to globulin ratio and
varies from 43 to 48, with the higher values applying
to the albumin-expanded dogs. FF is the filtration
fraction which can be the single nephron filtration
fraction or whole kidney filtration fraction.
One derivation of a formula for the direct calcu-
lation of Kf was described previously [1], but it in-
cluded the protein concentration and a constant re-
lating oncotic pressure to plasma protein concentra-
tion. Since the protein concentration was not used
in determining efferent COP in these experiments,
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the differential equation was modified to include the
coefficient R but to exclude specific values for pro-
tein concentration. Solution of the equation yielded
the following:
_GFR RTaK1— AP 1FFP(R+a)
in (1 — FF zP• (R + lTa))FF (P — lTa)
where zP is the transglomerular hydrostatic pres-
sure gradient. Because R is in both the numerator
and the denominator of the above equation, small
deviations in R exert a minor influence on K1. Val-
ues for each dog were calculated for average ef-
fective filtration pressure (EFP), K1, and effective
filtration pressure at the efferent end of the glomeru-
lar capillary (EFP). Glomerular plasma flow (GPF),
glomerular blood flow (GBF), afferent arteriolar re-
sistance (RA), and efferent arteriolar resistance
(RE) also were calculated, with formulas described
previously [1].
All data were subjected to a comprehensive sta-
tistical evaluation with a computerized statistical
analysis system (SAS Institute, mc, Raleigh, North
Carolina, implemented by the Biostatistics Depart-
ment of the Division of Biophysical Sciences, Uni-
versity of Alabama in Birmingham). Analysis of
variance and Duncan's new multiple range test
were used to evaluate the statistical significance
of differences observed among groups A, B, and C.
Paired analysis was used in experiments where
measurements were conducted before and follow-
ing infusion of the albumin solutions.
Results
Whole kidney and micropuncture measurements
obtained in groups A and B are presented in Table
•i1= 10mm Hg 1. Renal blood flow was markedly increased follow-
ing albumin infusion [17]. GFR in group B was not
significantly different from GFR in group A; con-
sequently there was a marked reduction in filtration
fraction as determined from whole kidney measure-
ments as well as from efferent arteriolar blood he-
matocrits. Whole kidney and superficial nephron fil-
tration fractions were not significantly different
from each other in either group A or group B. COP
in dogs infused with albumin was elevated to an av-
erage value of 23.4 mm Hg. Hematocrit was signifi-
cantly lower, reflecting the degree of plasma vol-
ume expansion. Based on the assumption of con-
servation of red cell mass, the average change in
plasma volume (PV) was estimated by the ex-
pression
PV (%) = [(Hctc/Hcte) — 1] X 100/(1 — Hct)
as described by Galla, Beaumont, and Luke [19].
The subscripts c and e apply to the control and ex-
panded periods. By comparing the hematocrit of
group-B dogs prior to expansion with that observed
during the experimental periods, it was estimated
that plasma volume was increased by 56 6%.
SNGFR values in groups A and B were not signifi-
cantly different from each other. PTP and PCP in
group B appeared slightly higher than they were in
group A. SFP was significantly lower in the dogs
subjected to acute hyperoncotic expansion.
The values relating to glomerular filtration dy-
namics are shown in Table 2. Because the decrease
in SFP was offset by the increase in COP, estimated
glomerular pressures were similar. The slight dif-
ferences in GP were compensated by the small dif-
ferences in PTP, and the average transglomerular
hydrostatic pressure gradient in group B was identi-
cal to the value in group A. Calculated efferent COP
was not significantly higher in group B dogs because
of the markedly lower filtration fraction values. Es-
timated values for efferent COP based on whole kid-
ney and single nephron filtration fractions were not
significantly different from each other in either
28mm Hg
fl = 22 mm Hg
[1= 16mm HgE
0
0
a
0
0
F
0
0
00
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uJ
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Filtration fraction
Fig. 1. Representative nomogram allowing estimation of the ef-
ferent arteriolar colloid osmotic pressure (qr) from specific val-
ues of filtration fraction and afferent colloid osmotic pressure.
More details regarding this approach are given in Ref. 18.
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Table 1. Hemodynamic and micropuncture measurements in control dogs (A) and in dogs infused with hyperoncotic solutions (B)
Group A
(N= 13)
Group B(N=9) P
Renalarterialpressure,mmHg 88.3 1.1 93.2 1.6 <0.05
Renal blood flow,mllming 3.80 0.23 7.17 0.57 <0.001
Urine flow, mi/mm 0.16 0.01 0.30 0.09 <0.05
GFR,mllmin•g 0.68 0.02 0.62 0.05 NS
Filtration fraction, whole kidney 0.30 0.02 0.12 0.01 <0.001
Filtration fraction, single nephron 0.31 0.04(N = 6) 0.13 0.01(N = 6) <0.005
Hematocrit, afferent 40.8 1.2 27.1 1.9 <0.001
Hematocrit, efferent 47.1 1.9(N 6) 29.0 1.4(N = 6) <0.001
Colloid osmotic pressure, mm Hg 15.1 0.6 23.4 0.8 <0.001
SNGFR,nlImin 60.0 4.0 59.2 6.0 NS
Proximaltubulepressure,mmHg 20.7 1.2 23.0 1.6 NS
Peritubularcapillarypressure,mmHg 11.1 1.0 14.1 1.3 NS
Stop-flow pressure,mm Hg 43.8 1.3 37.9 2.0 <0.025
a All values are expressed as the mean value SEM. The results ofroup comparison are shown in the third column: NS is not
significantly different from each other; where significance was achieved, the probability values are denoted.
Table 2. Evaluation of glomerular filtration dynamics in control dogs (A) and dogs infused with hyperoncotic solutions (B)
Group A
(N= 13)
Group B(N=9) P
Glomerularpressure,estimated,mmHg
Hydrostatic pressure difference, mm Hg
Efferent colloid osmotic pressure, mm Hg
Whole kidney
Single nephron
Meaneffectivefiltrationpressure,mmHg
K1,nllmmnmmHg
Glomerularplasmaflow,nl/min
Glomerularbloodflow,nl/min
Afferentresistance,mmHg.nlLmin
Efferent resistance, mm Hgn1'•min
58.9 1.5
38.4 1.4
28.7 1.7
26.7 1.7(N = 6)
18.3 1.2
3.39 0.26
207.1 19.8
343.5 38.0
0.096 0.013
0.188 0.019
61.4 1.9
38.4 1.7
28.8 1.2
30.8 1.3(N = 6)
12.0 1.2
5.29 0.58
479.7 68.1
656.4 85.0
0.058 0.01
0.091 0.013
NS
NS
NS
NS
<0.005
<0.005
<0.001
<0.005
<0.05
<0.005
a All values are expressed as the mean value SEM. The results of group comparison are shown on the third column: NS is not
significantly different from each other; where significance was achieved, the probability values are denoted.
groups A or B. The mean effective filtration pres-
sure was significantly lower, and Kf was significant-
ly higher in the infused dogs as compared to the
control series. GPF and GBF were higher in the in-
fused dogs, the 91% increase in GBF being com-
parable to the 89% increase observed for whole kid-
ney blood flow. The requisite decreases in intra-
renal vascular resistances were a consequence of
combined decreases in both afferent and efferent ar-
teriolar resistance; the decrease in efferent resis-
tance, however, was proportionately greater.
The group observations are supported by the
paired observations in the four experiments in
which measurements were made at both control and
elevated COP values. Also, these results can be
contrasted with the paired observations obtained in
the four dogs subjected to isooncotic plasma vol-
ume expansion (IOPVE). Figure 2 compares the rel-
ative responses to the infusion with hyperoncotic
and isooncotic solutions. As with group B dogs, he-
matocrit decreased markedly in the IOPVE dogs
(41.5 1.4 to 32.6 1.6), and thus estimated
plasma volume increased to about the same extent
in both groups. Both at the whole kidney and single
nephron level, the increases in blood flow and
plasma flow were of much greater magnitude than
the changes in GFR were, and filtration fraction de-
creased from 0.30 0.03 to 0.22 + 0.02 in the
IOPVE dogs. Plasma COP still increased slightly
(+2.30 0.41 mm Hg) even though the COP of the
albumin solution was adjusted. Small increases in
PTP, SFP, and estimated GP were observed, but no
significant change in average effective filtration
pressure occurred in the IOPVE group, whereas it
was clearly decreased in the group-B dogs. Kf val-
ues were not altered in the IOPVE, exhibiting an
average change of 0.47 1.07 nl!(minmm Hg). In
contrast, all four dogs infused with hyperoncotic al-
bumin exhibited an increase in Kf, with an average
of +1.85 0.62 nII(min•mm Hg) in agreement with
the results from the larger series of experiments.
To minimize the effects of the acute increase in
+100
+80
T1
ni I J
—40
I
I
—60 SNGFR PTP PCP SFP GE Kf EFP GPF
Fig. 2. Comparison of systemic and whole kidney responses (A,) and of single nephron responses (B) to the infusion of hyperoncotic and
isooncotic albumin solutions. All responses are represented as a relative change from the respective control values prior to infusion. The
open bars represent the responses of the dogs given isooncotic albumin solution (N = 4), and the shaded bars represent the responses of
the dogs infused with the hyperoncotic albumin solution (N = 4). RAP is renal arterial pressure; Hct0, arterial hematocrit; PV, estimated
change in plasma volume; GFR, glomerular filtration rate; RBF, renal blood flow; FF, whole kidney filtration fraction; COP, plasma
colloid osmotic pressure; SNGFR, single nephron GFR; PTP, proximal tubule pressure; PCP, peritubular capillary pressure; SFP, stop
flow pressure; GP, estimated glomerular pressure; Kf, glomerular filtration coefficient; EFP, average effective filtration pressure, and
GPF, estimated glornerular plasma flow. All values are represented as the average percent change SEM. For the isooncotic expansion
group, the change in H0, PV, RBF, FF, COP, PTP, SFP, GP, and GPF were statistically significant (5% level). For the hyperoncotic
expansion group, the changes in Ha, PV, RBF, FF, COP, PCP, GP, Kf, EFP, and GPF were statistically significant. The increases in PV,
RBF, COP, K and GPF were tested using a one-sided t test.
plasma volume, we conducted further experiments
by expanding the dogs on the day prior to the exper-
iment. Hemodynamic and directly measured micro-
puncture data for these dogs are shown in Table 3.
The hematocrit of arterial blood samples taken on
the previous day prior to the albumin infusion aver-
aged 38.4 (sEM) 1.2, which is similar to the value
of 39.1 2.1 obtained on the following day. Al-
though precise measurements of the overnight di-
uretic response were not obtained, it was apparent-
ly sufficient to allow the restoration of hematocrit
by the following day. Plasma COP averaged 17 I
mm Hg before the albumin was administered on the
day prior to experimentation, and increased to 23
1 mm Hg before surgery on the following day. Dur-
ing preparation for micropuncture, however, the
COP fell to 19.5 1 mm Hg, the average level at
which the group-C experiments were conducted.
This value approximates values considered to be
normal in dogs not subjected to surgical procedures
[18]. RBF in group C was slightly greater than it was
in group A, but it was somewhat less than it was in
group B. GFR in group C was similar to GFR in
groups A and B. The slight differences in SNGFR
parallel those seen in whole kidney GFR. Filtration
fraction was slightly lower than it was in group A
Table 3. Hemodynamic and micropuncture measurements in dogs infused with albumin on day prior to experimenta
Gro
(N
up C
= 7)
Comparison
with group A
Comparison
with group B
Renalarterialpressure,mmHg 93.9 1.8 P < 0.05 NS
Renal blood flow, rnllmin'g 5.70 0.48 P < 0.001 NS
Urine flow,mllmin 0.13 0.02 NS P <0.05
GFR,ml/ming 0.72 0.08 NS NS
Filtration fraction, whole kidney 0.23 0.02 P < 0.025 P < 0.001
Filtration fraction, single nephron 0.26 0.01 NS P < 0.00!
Hematocrit, afferent 39.1 2.1 NS P < 0.001
Hematocrit, efferent 46.9 2.3 NS P < 0.001
Colloid osmotic pressure, mm Hg 19.5 0.8 P <0.001 P < 0.005
SNGFR, nl/,nin 70.2 8.3 NS NS
Proximaltubulepressure,mmHg 19.0 1.5 NS NS
Peritubular capillary pressure, mm Hg 9.9 0.6 NS P < 0.025
Stop-flowpressure,mmHg 39.5 1.7 NS NS
a All values are expressed as the mean value SEM. The results of group comparison are shown in the second and third columns.
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but substantially greater than the markedly reduced
values observed in Group B were. PTP and PCP
values are not different from corresponding values
obtained in group A, and only PCP values are signif-
icantly lower than were those observed in group B.
SFP values were similar to those obtained in groups
A and B.
As shown in Table 4, estimated GP was similar to
that in groups A and B. Mean effective filtration
pressure was somewhat reduced with respect to
group A, but it was slightly higher than it was in
group B. The average K1 is significantly higher than
was the K1 obtained in group A, but not significantly
different from the average K1 obtained in group B.
The values for GPF, GBF, afferent and efferent re-
sistances fell between the corresponding values of
groups A and B.
To evaluate the possible achievement of equality
between the efferent arteriolar COP and the trans-
glomerular hydrostatic pressure difference, we
compared these values for each dog from groups B
and C. These data are shown in Fig. 3. In all but
three dogs, the efferent COP was determined by
using the superficial nephron filtration fraction based
on efferent arteriolar hematocrits. In the remaining
three dogs, whole kidney filtration fraction was
used to estimate efferent COP. The average value
from group A is also plotted in Fig. 3. In all dogs in
groups B and C, the efferent colloid osmotic pres-
sure was less than the transglomerular pressure dif-
ference was. The transglomerular hydrostatic pres-
sure difference averaged 38.4 1.8 mm Hg in group
B and 40.1 1.9mm Hg in group C, with the aver-
age values for efferent COP being 29.5 1.1 mm Hg
and 32.8 1.8, respectively. Values for efferent ef-
fective filtration pressure were significantly greater
than zero, averaging 8.9 1.2 mm Hg in group B
and 8.2 1.1 mm Hg in group C. These values were
10 20 30 40
Hydrostatic pressure difference (P), mm Hg
Fig. 3. A comparison of the transglomerular hydrostatic pressure
difference (i.P) with the estimated efferent co/laid osmotic pres-
sure (ir,)for groups B and C. Points plotted from individual ex-
periments in group B are represented by the symbol (•). Results
from group C are represented by the symbol (A). For com-
parison, the average value from group A is also shown (•).
Equality of the values depicted would be represented as a point
on the line of identity and indicate the attainment of filtration
equilibrium.
not significantly different from each other or from
the average value of 10.7 1.6 mm Hg obtained in
the control dogs.
Because it has been suggested that changes in
plasma calcium concentration may also influence K1
[20], the total plasma calcium concentration was
measured in six dogs from group B before and after
albumin administration. The total plasma calcium
concentration was not reduced and actually in-
creased slightly from 7.68 1.4 mgldl before albu-
min administration to 9.30 0.6 mgldl following in-
Table 4. Evaluation of glomerular filtration dynamics in dogs infused with albumin on day prior to experimenta
Group C(N = 7)
Comparison
with group A
Comparison
with group B
Glomerular pressure, estimated, mm Hg 59.0 2.1 NS NS
Hydrostatic pressure difference, mm Hg 40.1 1.9 NS NS
Efferent colloid osmotic pressure, mm Hg
Whole kidney 31.7 2.3 NS NS
Single kidney 32.8 1.8 P < 0.05 NS
Mean effective filtration pressure, mm Hg 14.8 0.9 NS NS
K, ni/mm mm Hg 4.85 0.66 P < 0.025 NS
Glomerular plasma flow, nI/mm 272.9 31.4 NS P < 0.025
Glomerular blood flow, ni/mm 455.2 58.2 NS NS
Afferent resistance, mm Hgn1min 0.088 0.012 NS NS
Efferent resistance. mm HgnL'min 0.144 0.024 NS NS
a All values are expressed as the mean value SEM. The results of group comparison are shown in the second and third columns.
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fusion. The ultrafilterable calcium concentration al-
so increased slightly from 2.4 0.2 mgldl to 3.4
0.4 mgldl. Total protein excretion was measured
in six group-B dogs, and it appeared to increase
slightly from 0.65 0.22 to 1.58 to 0.52 g/minIg
of kidney, but this difference was not significant.
Discussion
The present study extends previous results ob-
tained in the dog [1, 2] by evaluating the influence of
elevated plasma COP on glomerular filtration dy-
namics and specifically on single nephron Kf. In ac-
cord with recent studies in the Munich-Wistar strain
of rats [13, 14], our findings support the suggestion
that increases in COP are indeed associated with
elevated Kf values. In the acute experiments in
which plasma COP was elevated to values of about
23 mm Hg, K1 was significantly higher than it was in
a series of control dogs evaluated under similar cir-
cumstances. Furthermore, dogs subjected to "prior
day" hyperoncotic expansion also demonstrated
elevated K1 values compared to control dogs. In
contrast, dogs subjected to isooncotic plasma vol-
ume expansion did not exhibit increases in Kf, in-
dicating that plasma volume expansion alone was
not responsible for the differences observed in the
animals given concentrated albumin solutions [14].
It should be emphasized, however, that whereas the
average values for Kf were somewhat higher in the
dogs with elevated COP, the overall range of varia-
tion in this parameter in the mongrel dog is sub-
stantial, and there was considerable overlap among
the three groups. Furthermore, the increases in K1
relative to the increases in COP were much less
than previous studies in the rat would suggest [13].
Thus, although the directional responses in Kf to
hyperoncotic expansion appear similar in both the
rat and the dog, it would seem that the magnitude of
the response is less in the dog. This would suggest
that in the dog, the "dynamic physiologic range" of
K1 is substantially less than it is in the rat, at least
with respect to responsiveness to alterations in
plasma COP.
Because it has been suggested that changes in
plasma calcium concentration may also influence
the glomerular filtration coefficient [20], the hyper-
oncotic solutions were dialyzed against calcium
containing Tyrode's solution for 24 to 48 hours.
This maneuver also served to remove smaller mo-
lecular weight fragments. Thus, the hyperoncotic
expansion procedure was not associated with de-
creases in either total or ultrafilterable calcium con-
centrations in the plasma, and it is unlikely that the
increase in K1 was due to calcium-mediated effects.
In the acutely expanded animals (group B), it was
clear that hyperoncotic expansion resulted in
marked renal vasodilation, as evidenced by increas-
es in both whole kidney and calculated glomerular
blood flow. In contrast, neither whole kidney GFR
nor single nephron GFR were significantly altered,
and thus, filtration fraction decreased markedly.
These measurements were taken under conditions
of reduced arterial pressure, and the results should
not be construed as suggesting that glomerular pres-
sure is not elevated by infusions of hyperoncotic so-
lutions. In fact, both indirect and direct studies sug-
gest that the administration of hyperoncotic solu-
tions can increase glomerular pressure [13, 14, 16,
21]. Interestingly enough, even in the dog main-
tained at normal arterial pressures, GFR does not
seem to increase following acute hyperoncotic ex-
pansion [16, 21, 22]. Presumably, this is due to
counteracting influences of the increased colloid os-
motic pressure and proximal tubule pressure on the
one hand and the increased glomerular pressure,
plasma flow, and perhaps K1 on the other [23].
An estimate of the quantitative contribution of
each of the individual determinants of GFR to the
observed maintenance of filtration rate can be ob-
tained by the application of the mathematical model
and sensitivity coefficients previously derived for
the dog by White and Navar [3]. This has been
done by calculating the relative differences in gb-
merular pressure, proximal tubule pressure, plasma
protein concentration, glomerular plasma flow, and
K1 between group A and group B and then evaluating
the singular effects of these differences on the GFR
responses of the model. Based on this analysis, it
was predicted that the 4% increase in glomerular
pressure would yield a 10.7% increase in SNGFR,
the 11% increase in proximal tubule pressure would
result in a 9.7% decrease in SNGFR, the 35% in-
crease in plasma protein concentration (estimated
from the changes in plasma COP and the previously
determined relationship in the dog [18]) would lead
to a 57.4% decrease in SNGFR, the 132% increase in
glomerular plasma flow would result in a 38% in-
crease in SNGFR, and the 56% increase in K1 would
cause a 19% increase in SNGFR. The net effect is a
predicted change in SNGFR of 0.6%. Thus, it can
be seen that the increase in gbomerular plasma flow,
which minimized the decrease in effective filtration
pressure, was most significant in counteracting the
predicted effects of the increased plasma COP. Of
course, the increase in K1 was also an important
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contributor to the maintenance of SNGFR at a re-
duced average net filtration pressure.
A similar analysis contrasting the results from
group A and group C shows that the increases in
GPF and Kf contributed to an equivalent extent
(15% each) in counteracting the predicted influence
of the increased plasma COP (—33%). There is also
an additional contribution of about 8% due to the
small increase in hydrostatic pressure gradient that
would predict a slightly greater SNGFR in group C
than it would in group A. The results obtained in the
dogs expanded with hyperoncotic albumin solutions
on the day prior to the experiment are of particular
interest, especially in view of recent suggestions
that anesthetized hydropenic preparations may ac-
tually be somewhat contracted [24]. In dogs from
group C, there was a modest fall in colloid osmotic
pressure during the preparative stages but COP re-
mained higher than it was in the control dogs and,
fortuitously, was very similar to values obtained in
hydropenic dogs immediately after anesthetization
[18]. In addition, arterial hematocrit taken during
the experiment was not significantly different from
the hematocrit measured on the prior day before ad-
ministration of the albumin solution. Absolute val-
ues for glomerular plasma flow and glomerular
blood flow appeared to be slightly higher in group C
than in group A, and superficial filtration fraction
was only slightly lower; these differences, however,
were not significant. Thus, with the exception of the
higher colloid osmotic pressure, the data from
group-C dogs were not greatly different from the
control dogs. Although the calculated Kf value was
still slightly higher in this group than it was in group
A, there was again clear evidence of a positive ef-
ferent arteriolar effective filtration pressure, and no
evidence indicating the achievement of filtration
equilibrium was observed in any of these experi-
ments.
The mechanism responsible for an augmented fil-
tration coefficient when plasma COP is higher is diffi-
cult to discern. From an overall viewpoint, this
could be due either to an actual increase in the hy-
draulic conductivity of the filtering units or, alterna-
tively, to an increase in the surface area available
for filtration. This problem was discussed by
Baylis et al [14], and several possible mechanisms
were suggested, including undetectable morpholog-
ic changes in glomerular cell volume, endothelial
fenestrations, or split-pore configurations, bio-
chemical changes in one or more of the components
of the glomerular wall, a slight influence due to the
effect of concentration polarization, or some alter-
native physiochemical interaction between the cir-
culating proteins and the gel matrix of the glomeru-
lar basement membranes. Recent studies with iso-
lated perfused tubules have demonstrated that
hyperoncotic bathing solutions cause widening of
intercellular spaces [25] and decreases in cell vol-
ume when active transport mechanisms are blocked
[26]. Thus, there is the possibility that increases in
colloid osmotic pressure interact with the cell vol-
ume of the endothelial cells such that the area avail-
able for flow of filtrate across this component of the
system is increased. Alternatively, the "state of
hydration" of the basement membrane may be al-
tered by elevated levels of circulating protein. Oth-
er factors associated with the infusion of the albu-
min solutions, such as increases in glomerular
plasma flow, diminished levels of circulating renin
and angiotensin [27] or other humoral agents, oc-
curring as a consequence of the volume expansion,
could also contribute to an augmented Kf.
The marked hyperemic response observed fol-
lowing acute hyperoncotic expansion can be ex-
plained, at least in part, because the decrease in ar-
teriolar hematocrit would be responsible for a de-
crease in viscosity of the blood and cause an
apparent decrease in vascular resistance. In group
B, the reduced filtration fraction also contributed to
a reduced efferent arteriolar hematocrit. The ef-
ferent resistance values in group C appeared slightly
lower than they were in group A and slightly higher
than they were in group B; statistical significance,
however, was not achieved. Thus, further studies
are necessary to establish if an increased plasma
COP in the absence of a reduced hematocrit can sig-
nificantly lower efferent arteriolar resistance.
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